Abstract
Introduction
An electronic health record (EHR) is a longitudinal electronic record of patient health information generated by one or more encounters in any care delivery setting. This information may include patient demographics, progress notes, problems, medications, vital signs, past medical history, immunizations, laboratory data and radiology reports [1] . The effective use of EHRs can potentially help improve the quality of health care services and reduce associated costs [2] . In a person's lifetime, he or she may acquire different EHRs from multiple federated clinical affinity domains. Therefore, the interoperability of EHRs has been recognized as an important objective in various countries and regions. Some examples of such systems are the Canada Health Infoway [3] , Federal Health Information Technology in the United States [4] , NHS Connecting for Health in England [5] , Dossier Médical Personnel in France [6] , Health Connect in Australia [7] and ASAMEKj in the Czech Republic [8] . In Asia, the Turkish Ministry of Health has initiated the development of Turkey's National Health Information System (NHIS-T), which aims to cover 59.8% of its citizens by 2011. Moreover, 99% of public hospitals and 77% of private or university hospitals in Turkey have been required to connect to the system [9] . In Taiwan, the National Health Information System based on the Taiwan Electronic Medical Record Template (TMT), which has been under development since 2004, also aims to involve all hospitals in Taiwan [10] . In mainland China, the Ministry of Health has identified the development of an interoperable EHR system as a key driving force in the reform of the national health care system [11] .
The IEEE defines interoperability as "the ability of two or more systems or components to exchange information and to use the information that has been exchanged" [12] . Specifically, interoperability is essential framework, enabling a logical interpretation of the coded terms [23] . In China, a mapping between internationally standard CMVs and local code sets remained unavailable [14] .
4. There was a lack of a scheme to verify whether the generated medical documents conform to the developed templates.
Here, we propose a framework to establish EHR interoperability for hospitals in China according to their current status of health care digitization. We will demonstrate the applicability of this model based on results from trial operations.
Enabling technologies and standards
In this section, the standards and technologies used in this project are briefly summarized.
HL7 v3 CDA R2
CDA is a document markup standard that specifies the structure and semantics of a clinical document (such as a hospital discharge summary or progress note) for the purpose of exchange with other systems [24] . HL7 has released two CDA versions. CDA Release One (CDA R1), became an American National Standards Institute [25] (ANSI)-approved HL7 Standard in November 2000, representing the first specification derived from the HL7 Reference Information Model (RIM) [26] . CDA Release Two (CDA R2) became an ANSI-approved HL7 Standard in 2005 [19] .
A CDA document is encoded in the Extensible Markup Language (XML). It has a root element (<ClinicalDocument>) and contains two parts, the Header and the Body. In CDA R1, only the Header derives from the RIM [27] . In CDA R2, however, both the Header and Body, which contain clinical statements, are derived from the RIM. The Refined Message Information Model (R-MIM) of the CDA R2 is presented in [24] .
A CDA Header identifies and classifies the CDA document and provides information for authentication and on the encounter, the patient, and the involved health care providers. The CDA Body contains the clinical report, and can be either an unstructured blob (for CDA Level One) or comprised of one or multiple section components (for CDA Level Two). A section contains a narrative block and one or more entries (for CDA Level Three). Narrative blocks are human-readable, and entries present the same information in machine-processable form.
Basic Medical Data Sets of China (BDS)
To ensure the interoperability and reusability of EHR components, China's Ministry of Health published the BDS [28] , which defines all 34 data types and 1163 data elements for EHRs (e.g., ID, name, age, sex) and, based on these definitions, reusable data groups (e.g., prescription, laboratory examination results, medical examination results and demographic information). These datasets and elements are included in the National Health Metadata Dictionary of China [29] .
The data elements are then mapped to corresponding CDA components and serialized into the XML format based on the HL7 v3 CDA R2 structure. Importantly, all local components were developed according to the particular context of China's health care system and are thus context-dependent.
Controlled Medical Vocabulary (CMV)
A CMV must have synonymy, domain completeness and multiple classifications, providing consistent views and explicit relationships, while remaining unambiguous and non-redundant [30] . The CMV is crucial for ensuring that practitioners using the EHR have access to accurate and consistent data. Commonly used CMVs include: Logical Observation Identifier Names and Codes (LOINC) [23] ; the International Classification of Diseases, Ninth Revision with Clinical Manifestations (ICD-9-CM) [31] ; the International Classification of Diseases, Tenth Revision [32] ; and the Systematized Nomenclature of Medicine (SNOMED).
For example, LOINC is provided as a standard set of universal names and codes for identifying individual laboratory tests and for facilitation of transmission and storing of clinical laboratory results among different laboratory sources. Since June 2000, LOINC has also included other clinical information in addition to laboratory tests, such as medical history, claims attachment, and physical findings [33] . An item name can be uniquely identified by six fields separated by a delimiter (colon) in the LOINC database [14] . The six fields are <Analyte(Component)> : <Property> : <Time Aspect> : <System (Sample)> : <Scale> : <Method>. Similar to LOINC, SNOMED is also a transcendent ontology [34] . If we create ontology relationships between the internal code sets and the LOINC sets (for example, "sameAs", "isAmemberOf", "requiredBy", and so forth) then we can create a very powerful tool for data mining and research in a structured format. LOINC is considered a good basis for developing a medical ontology library, but has been applied only on a limited scale in China (e.g., the ICD-9-CM) because of various issues, including differences in business rules and language, as well as copyright restrictions. We have previously surveyed the coding systems for laboratory tests in six AAA-level hospitals in China's Zhejiang Province, and found that even for a simple term such as "Platelet Count", the local code used in each hospital was different. Therefore, the lack of a standardized CMV has severely impaired the accuracy and integrity of electronic data records, and may impede future data integration.
Realizing EHR Interoperable Methods
In this chapter, first the framework model is outlined to establish interoperability with EHRs. Second, the methodology is laid out on the syntactic level. Third, the mapping of the BDS and CDA items within the EHRTG are presented, and the document profiles of other specific business domains are discussed. Last, cross-mapping is conducted on the semantic level between internal codes of the legacy system and international standard codes. Based on the characteristics of the health care system in China, we propose a structure based on the HL7 v3 CDA R2, BDS, and social insurance (SI)-LOINC, as a framework (illustrated in Fig 1) to realize EHR interoperability between federated clinical affinity domains around the country [35] . The framework is supported by interoperability at four sublayers, including a transport level, syntactic level, semantic level, and organizational level. In this framework, the top three levels should be compatible with the business rules of the health care system.
Proposed framework

Transport level
The transport level is responsible for data transfer, including its security and reliability. This lowest level of the framework is not exclusive to health care applications. Existing protocols can satisfy the requirement of interoperability at this level, such as the web services profile [36] , ebXML message specification profile [37] , and transmission control protocol/Internet protocol (TCP/IP)-based minimal lower layer protocol profile [38] .
Syntactic level (exchange standard)
This level is mainly responsible for controlling the structure and format of the data to be exchanged. The EHRTG (see below) is used at this level to enable heterogeneous systems to exchange information and understand the XML format and structure of the data being exchanged.
Semantic level (content standard)
This level is responsible for the actual exchange of health data. Although the previous two layers allow data to be successfully shared, they cannot ensure that all heterogeneous systems interpret the exchanged information identically. This can be achieved only when the systems operate with the same semantics. Here, we propose a technique to allow all systems to communicate using a general information structure model, vocabulary system, and data types by mapping between EHRTG structure elements and BDS/CMV data elements as well as between CMV and local codes of federated clinical affinity domains [39] .
Organizational level
This level not only shares and interprets but also "manipulates" the data, by the way of data modification. The objective is that the modified data should be correctly interpreted by other interoperable systems. This requires different federated clinical affinity domains to reach an agreement on the use of the data, namely by sharing the rules of business processing. Therefore, interoperability at this highest level is the most complicated among all the layers.
We believe that successful EHR interoperability requires consensus at all these layers, and the degree of interoperability is determined by the extent of commonality. In this framework, each lower level must have interoperability in order for the higher level(s) to be interoperable.
Exchange standard (development of the EHRTG)
Although China's Ministry of Health has published content templates for EHRs, an EHR guideline profiles library based on the HL7 v3 CDA R2 and BDS remains unavailable for use in medical institutions. In collaboration with the Ministry, in 2008 we began the development of an EHRTG.
First, we propose a general EHRTG structure for particular domains. HL7 v3 provides two methods for the localization of RIM, a "Constraint Method" and a "Transformation Method" [40] . The proposed EHRTG incorporates the two methods. Specifically, the R-MIM model for the business process of the target subject area and the R-MIM model of CDA were combined to form a general CDA R-MIM model for the particular subject area. Or if a suitable model was available in the HL7 template library, it was directly adopted. This procedure generated a blank HL7 v3 CDA R2 EHR template, which was then mapped to the BDS to form CDA templates for the corresponding domains. Elements that could not be directly mapped from the BDS were treated separately by creating corresponding entry classes, and they were subsequently mapped to the BDS [41] . The Specification has significant value in that it provides a reference for the creation of document profiles of other specific business domains. In particular, document profiles for a business domain can be conveniently created by further constraining (using the Constraint Method) without the need for re-description, as compared with the TMT of Taiwan.
The Body contains the clinical report in addition to the information in the Header. The EHRTG proposed here is based on forms, which correspond to individual health care activities. The forms were classified according to medical diagnostics theory [42] and included in different blocks, with each block as a section. The remaining 66 data groups/subgroups were also mapped to CDA sections, with a unique ID for each section, a <title> element describing its clinical implication, and a <text> element including the details of each item. Additionally, the relationship between BDS data elements and CDA items was maintained by using a mapping engine (Fig 4. ) based on Microsoft Excel. The Excel engine has three main components: a standard sample list, which includes a profile field and correlates with data elements in the BDS; a cross-mapping table, which includes the mapping of BDS data elements and CDA items, as well as the BDS data element codes for value sets; and a section/entry table, including all of the codes for section types and for entry types in the CDA document body. The engine stores the mapping relationship between BDS data elements and CDA items to minimize the risk of incorrect mapping. Meanwhile, the engine is also responsible for creating and maintaining CDA example codes and the required hierarchical message description documents.
The following is an example of a section template guideline generated after completion of the mapping. The <templateId root='MOH.RHIN.CLS.CDA.SEC.CC.SF'/> is the unique ID of this section. Currently, a trial object identifier (OID) is being used in experiments; in the future, the EHRSC will apply for an official OID from HL7. The generated section template can be used as the basic general section template. In creating CDA section profiles for different domains, the profiles can be simply inherited from an "ancestor profile" and further tailored by using the Constraint Method. In accordance with the characteristics of the national health care system, the BDS includes a special data set to deal with cost-related data. However, the HL7 v3 CDA R2 clinical statement model prohibits the use of finance-related classes in RIM, such as Transaction and Payment. To maintain compatibility with the HL7 CDA, we adapted Act (an entry for describing financial data in agriculture) for our purposes. (Meanwhile, the BDS itself is undergoing active development and some data elements might experience major modifications in the future, including incorporation of more costrelated information.) The data set includes two data groups:
1. Payment section. This section includes information on payment activities and the fee paid. An Act/code element describes the method of payment. The Act class is connected to a RIM Role class through a RIM participation class to describe the payer.
2. Healthcare service fee section. This section includes information on the cost of specific health care services. It includes an Observation entry, which further includes an Observation/code element to describe the classification of the health care service, and a Value element to describe the amount charged for the service.
In addition, the BDS also includes a large number of data elements that essentially can be derived from other data, such as "number of in-hospital stays" and "number of outpatient visits". In principle, these data elements can be easily calculated based on the record of patient encounters, but many HISs in operation in China currently do not provide structured information on the patient's encounter history. Consequently, it is more realistic to directly record these data for later output. However, because theoretically they should be determined by calculation, specific models developed for these data would not be related to any clinical business models. Therefore, we designed a general administrative template for recording these data that could otherwise not be easily expressed using an existing model. The general administrative template provides an abstract class and is not specific to a clinical business model; it can be used to describe clinical administrative concepts defined on corresponding value sets (which are extendable) as well as the associated data.
Meanwhile, the BDS is the metadata bridge in the legacy system based on relational databases and CDA items of other specific business domain profiles. The mapping of metadata and the BDS has been 
Mapping laboratory internal codes to LOINC
The BDS alone cannot ensure that the receiver and sender communicate based on an identical understanding of the content in an exchanged CDA. A CMV such as LOINC is required for this purpose. The internal codes for laboratory tests should first be mapped to LOINC because laboratory data are one of core components of electronic health records [43] , and also because the LOINC coding is multipurpose [44] and can serve as an important complement to the BDS.
The health service price regulation office of each province in China has developed a local coding system, termed social insurance (SI), for the terminology in clinical laboratory tests and prescriptions [45] . In all hospitals in a particular province, the internal code for each test item is required to conform to the corresponding SI. However, the SI systems are cost-focused, and a particular SI code may correspond to multiple test services with the same price. In addition, the SI code sets cannot adequately describe the details of laboratory tests, and thus might occasionally lack a description of essential information. Because of these disadvantages, the SI coding systems alone cannot support the standardized exchange of laboratory test data. Having realized this, the EHRSC assembled a consulting team including experts from six AAA-level hospitals in Zhejiang. Based on clinical laboratory science as well as the laboratory information systems (LISs) in the six hospitals, the team successfully developed a mapping between the SI in Zhejiang province and the six fields in LOINC, as listed in Table 1 . 4. Results
Creation of medical field record document profiles
By the methods described above, we have successfully created the specifications for reusable CDA Headers As shown in Fig 5, by inheriting from "CDA-based Medical Document Content Module StandardPart 1: Basic Medical Document Specification", the Header of "Laboratory Results Report Document Specification" was generated. Because the structure of the CDA Header was clearly defined, its items were further constrained based on the business model for laboratory tests. For example, additional semantic constraints were imposed on the ClinicalDocument/title element to specify that it must include the string "Laboratory Results Report". By constraining operations, it was possible to further tailor or add constraints to CDA items, but extension of an item is not allowed.
Then, according to the business model for laboratory tests, three basic section templates ("Chief Complaint Section", "Laboratory Specialty Section", and "Laboratory Report Item Section") already available in the template library were reused to develop the Body of the target document. Previous consultation with experts revealed that two laboratory report formats are used in China. The first format, primarily used in northern China, lists results from multiple tests, such as "blood band studies" and "blood gas studies". The other format, mainly used in the eastern and coastal areas of China, only lists results from one test subject. To accommodate this regional difference, we inherited and reconstructed the Laboratory Specialty Section and thus generated two new sections for the two formats, "Laboratory Specialty Section-Composite" and "Laboratory Specialty Section-Single", and further constrained the corresponding value fields of their "Section/code" elements. Then they were added into the template library as extended templates, which consequently became reusable when developing the document profiles of other domains. Finally, the value sets of the data elements in the new templates were added to the coded Data Elements Value Set Library. 
Examination of syntax and business rules
Here we describe a two-phase technique to validate a CDA document generated following the EHRTG.
The first phase is syntactic validation, in which a CDA document instance is validated against an XML schema definition (XSD). Because the general structure of the EHRTG was adapted to the CDA conformant method, the generated CDA instances should pass the XSD validation.
The second phase is business rule validation, which verifies a series of rules among elements. Using Schematron [46], we created rule validation documents based on the constraining rules for the clinical document profiles of 22 domains. The documents are used for validating constraints imposed on the corresponding items and sections.
The following example shows part of the Schematron validation document for the CDA document "Laboratory Results Report Document". It can be observed that, because of the differences in tests performed in Taiwan and mainland China, 29.63% of the codes in the SI system could not be mapped to the NHI system. The non-overlapping tests were manually mapped using the Regenstrief LOINC Mapping Assistant. Additionally, it was found that in some cases, different NHI codes could be mapped to a single SI code, such as mapping from NHI code "09015C" to both SI codes "25030700200" and "25030700300". This multiple match is attributed to the health care pricing policies in mainland China, where the costs of some laboratory tests are dependent on their priority level; for example the emergency test for creatinine (Creatinine, CRTN) is of higher than the counterpart outpatient test, although the two tests are semantically identical.
Hospitals in China typically use individualized coding systems for their laboratory tests, and these tend to be substantially different from the LOINC system. Our method can maximally protect the investment on the original system. Additionally, it can reduce the technical difficulties in code mapping while improving the understanding among laboratory staff regarding the LOINC system. 
Conclusion and future research directions
To date, most health care information technology systems in China have been designed following the structures of medical domains and have consequently produced numerous "information islands". In addition, each system manages only a part of the information generated during the whole health care process of each patient, and it is difficult to retrieve a patient's health information from another system. Because of this lack of interoperability, clinicians are often forced to perform diagnoses and operations without complete background information, which may result in unnecessarily repeated examinations, inferior treatment, and even medical error. A secure and reliable health information system that can continuously encompass the complete process of health care is critical to ensure safe and effective health care services. Interoperable EHRs can effectively meet this requirement.
Based on our previous work, we have proposed here a theoretical framework based on the HL7 v3 CDA R2 and BDS as an approach to achieve HIS interoperability in China. The framework is divided into four levels: (from lowest to highest) the transport level, semantic level, syntactic level, and organizational level. Each lower level must have interoperability in order for the higher level(s) to be interoperable. The characteristics of the framework include maneuverability and practicality for broader national implementation, as well as suitability for use with the conditions and medical information level of China, as compared with other countries' systems such as the NHIS-T in Turkey, TMT in Taiwan, and MREx in Saudi Arabia [10, 47, 48] . Library". Through reusing, inheriting, and constraining, we further developed 22 example document profiles for specific domains, including the "Laboratory Results Report Document Specification", "Adult Physical Examination Results Report Document Specification", "Outpatient Medical Summary Document Specification", "Inpatient Service Document Specification", "Healthcare Service Payment Document Specification", and "Inpatient Summary Document Specification". We also created XSD and Schematron documents for verifying the conformance of the generated CDA documents to the structures and business rules in the above profiles, respectively.
Because the BDS alone cannot ensure the use of identical semantics among communicating systems, CMVs are needed to meet the requirement of having document profiles in various domains, such as the use of LOINC for the "Laboratory Results Report Document". Therefore, we also developed a SI-LOINC mapping algorithm to help laboratory staff convert between local codes in federated clinical affinity domains and the LOINC codes.
In the future, we will develop more document profiles for different domains and more CMVs, as well as the mapping between SNOMED codes and local codes. Meanwhile, we will consider a set of evaluation criteria for the proposed framework in our follow-up work, and attempt to construct and implement the evaluation over the next 1-2 years. Based on this work, we will proceed to develop health information ontologies suitable for the particular conditions of the health care system in China.
Acknowledgments
